After spinal cord injury (SCI), neutrophil elastase (NE) released at injury site disrupts vascular endothelium integrity and stabilization. Angiopoietins (ANGPTs) are vascular growth factors that play an important role in vascular stabilization. We hypothesized that neutrophil elastase is one of the key determinants of vascular endothelium disruption/destabilization and affects angiopoietins expression after spinal cord injury. To test this, tubule formation and angiopoietins expression were assessed in endothelial cells exposed to different concentrations of recombinant neutropil elastase. Then, the expression of angiopoietin-1, angiopoietin-2, and neutrophil elastase was determined at 3 h and at 1, 3, 5, 7, 14, 21, and 28 days in a clinically relevant model of moderate compression (35 g for 5 min at T10) spinal cord injury. A dichotomy between the levels of angiopoietin-1 and angiopoietin-2 was observed; thus, we utilized a specific neutrophil elastase inhibitor (sivelestat sodium; 30 mg/kg, i.p., b.i.d.) after spinal cord injury. The expression levels of neutropil elastase and angiopoietin-2 increased, and that of angiopoietin-1 decreased after spinal cord injury in rats. The sivelestat regimen, optimized via a pharmacokinetics study, had potent effects on vascular stabilization by upregulating angiopoietin-1 via the AKT pathway and preventing tight junction protein degradation. Moreover, sivelestat attenuated the levels of inflammatory cytokines and chemokines after spinal cord injury and hence subsequently alleviated secondary damage observed as a reduction in glial scar formation and the promotion of blood vessel formation and stabilization. As a result, hindlimb locomotor function significantly recovered in the sivelestat-treated animals as determined by the Basso, Beattie, and Bresnahan scale and footprint analyses. Furthermore, sivelestat treatment attenuated neuropathic pain as assessed by responses to von Frey filaments after spinal cord injury. Thus, our result suggests that inhibiting neutropil elastase by administration of sivelestat is a promising therapeutic strategy to inhibit glial scar and promote functional recovery by upregulating angiopoietin-1 after spinal cord injury.
Introduction
Spinal cord injury (SCI) is a clinically devastating condition that can cause either temporary or permanent disability in young adults [49, 76] . SCI pathology is multifaceted. It involves several major biological cascades [48, 54, 55] and results in expeditious and enduring changes to the structure and function of microvessels [27, 56, 85] , such as a loss of structural organization and microcirculation, a disruption of the blood-spinal cord barrier (BSCB), and endothelial cell (EC) and vascular remodelling [49, 85] . Vascular damage following SCI augments secondary damage, and vascular protection or the maintenance of vascular integrity mitigates this damage [30, 35, 49] . ECs participate in all facets of vascular homeostasis and play a variety of critical roles in the control of vascular functions, including in thrombosis, inflammation, and vascular wall remodeling. The death of ECs disengages the vascular network, and ischemia results in apoptosis and cell death of central nervous system (CNS) cells due to the lack of blood supply [23, 54, 55] .
Recovery from SCI is preceded by angiogenesis, the extent of which correlates with neural regeneration, suggesting that angiogenesis may play a significant role in repair. Angiopoietins (ANGPTs) are vascular growth factors involved in blood vessel formation and maturation, as well as in EC survival [31, 86] , and are critical regulators of vascular functions in the brain [46, 98] and spinal cord [30, 35, 74] . There are four members of the ANGPT family: ANGPT-1, − 2, and − 4 are expressed in humans, and ANGPT-3, an ortholog of ANGPT-4, is expressed in mice [31, 92] . ANGPT-1 and ANGPT-2 are released from ECs, with ANGPT-1 constitutively expressed in normal CNS vasculature [61] and ANGPT-2 weakly expressed under homeostatic conditions and increased during hypoxia, inflammation, and vascular remodeling [86] . ANGPT-1 exerts anti-inflammatory effects, reduces vessel permeability, and protects against plasma leakage in the adult vasculature [28, 87] . These effects are opposed by the actions of ANGPT-2. Therefore, it is not surprising that ANGPT-2 can antagonize the benefits to vascular integrity from endogenous or exogenous ANGPT-1 after SCI.
Neuropathological changes in spinal cord tissue result from acute inflammatory reactions that can involve elastases derived from neutrophils. Neutrophils also play a critical role in the initial events in demyelinating neuroinflammatory diseases and are intimately linked with the status of the blood-brain barrier/BSCB [7] . For example, neutrophils release a destructive proteolytic enzyme called neutrophil elastase (NE) [44] . At the vascular interface, NE induces cellular damage and dysfunction, degradation of the extracellular matrix, and pathways leading to cell death [44] . In response to proinflammatory stimuli, NE regulates the adhesion of leukocytes, clears their path for diapedesis/ transmigration [62, 83, 97] , and mediates the degradation of endothelial junction proteins [34, 39] . Furthermore, NE can induce apoptosis of ECs [96] and has a broad substrate specificity [69, 89] . These complex secondary pathomechanisms are responsible for extending spinal cord damage into previously uncompromised segments [66, 67, 73] . NE can induce vascular damage leading to spinal cord ischemia [84] and is also a determinant of long-term functional recovery after traumatic brain injury [81] .
We hypothesized that NE might be a key determinant for the disruption/destabilization of the vascular endothelium and alter ANGPT expression after SCI. To test this, we utilized a selective NE inhibitor (sivelestat sodium; 30 mg/kg, i.p.,b.i.d.) in a rat model of moderate compression (35 g for 5 min at T10) SCI. Sivelestat attenuates NE-induced pathologies and is approved for use in patients with acute lung injury in Japan and the Republic of Korea [5, 90] , and attenuates the perioperative inflammatory response in pediatric patients undergoing cardiopulmonary bypass surgery [38] . Moreover, administration of sivelestat attenuated the ischemia [41] , and the chemo-attractant mRNA and protein [88] in an experimental model of SCI. However, the effect of NE inhibition on the glial scar, secondary damage, vascular stabilization, ANGPTs, ECs survival and angiogenesis after SCI remains to be determined. In the current study, we ascertain the role of NE with ANGPTs after SCI and suggest that NE inhibition endows multidimensional therapeutic strategy in tissue protection and glial scar inhibition in treating SCI.
Material and methods

Cell culture and treatment
In an attempt to understand the biological role of NE in ECs, we used HUVEC (ATCC) cells. HUVECs were cultured in fully supplemented endothelial growth medium as per the manufacturer instructions. Recombinant human NE protein (R&D Systems, Minneapolis, USA) was activated with 50 μg/ml Cathepsin C in assay buffer before use as per manufacturer instruction and was used at a functional concentration of 100 ng/ml, 250 ng/ml and 500 ng/ml and 1000 ng/ml, in ECs. Corning matrigel matrix was used for the tubule formation assay as per the manufacturer recommendations. Briefly, matrigel matrix was polymerized at 37°C in a 24 well plate and HUVEC cells (passage 3) at a seeding density of 1.2 × 10 5 . The EGM-2 bullet kit medium were supplemented with human NE at a concentration of 100 ng/ml (group 2), 250 ng/ml (group 3), 500 ng/ml (group 4), and 1000 ng/ml (group 5). HUVEC supplemented with the only medium served as control (group 1). After 18 h, capillary-like tubules was stained with calcein AM fluorescent dye on the matrilgel. Images were randomly acquired using Cytation 3 Cell Imaging Multi-Mode Reader (Biotek Instruments,Inc., Winooski, VT, USA).
Subjects and surgical procedures
Total 146 adult female Sprague-Dawley (SD) rats were used in the study. Rats (220-240 g) for this study were purchased from Orient Bio Inc. (Seongnam, Korea), housed in a facility at 55-65% humidity and controlled temperature of 24 ± 3°C with light / dark cycle of 12 h, and had free access to food and water. All animal procedures were performed according to the approved protocol by the Institutional Animal Care and Use Committee (IACUC) of CHA University (IACUC160076) and Principles of laboratory animal care [63] . The animals were anesthetized with Zoletil® (50 mg/kg, Virbac Laboratories, France) / Rompun® (10 mg/kg, Bayer, Korea) solution administered intraperitoneally. Complete anesthesia was assessed using hindlimb withdrawal in response to a noxious foot pinch.
After skin preparation and precise positioning of anesthetized rats, a laminectomy was performed to expose T10 spinal cord. The vertebral column was supported and stabilized by Allis clamps at T8 and T12 spinous processes as described previously [48, 75] . A metal impounder (35 g × 5 min) was then gently applied on T10 dura, resulting in moderate standing weight compression. Following compression injury, the surgical site was closed by suturing the muscle and fascia and suturing the skin; followed by external povidone-iodine application. Animals were kept on a heating pad to maintain body temperature, and then 5 mL of 0.9% sterile saline injected subcutaneously. Manual bladder expression of urine was performed twice daily until a bladder reflex was established.
Drugs and treatments
Sivelestat sodium (Dong-A-pharma, Seoul, Korea) was dissolved in distilled water and administered twice daily intraperitoneally at the dose of 30 mg/kg 1 h after SCI; Animals were sacrificed at different time point's day post-injury (DPI) after vehicle or sivelestat treatment. The total number of injection(s) varied based on the efficacy parameter and time points. DPI-1 (2 injections of sivelestat were given), DPI-7 (14 injections of sivelestat were given), DPI-14 (28 injections of sivelestat were given), DPI-28 (28 injections of sivelestat were given till day 14 and animals were observed till day 28 for behavioral studies and efficacy experiments).
Pharmacokinetic study
We used SCI-injured animals for a pharmacokinetic study to correlate PK-PD. Sivelestat was treated at 1 h after SCI, The blood, brain and spinal cord samples were collected at 15 min, 30 min, 60 min, 90 min, 120 min, 150 min, 180 min after a single dose of sivelestat. For 1D, 7D, and 14 D samples, the blood, brain and spinal cord were collected after two, 14 and 28 doses of sivelestat respectively. Plasma was separated from blood using centrifugation and stored at − 80°C until analysis. Spinal cord tissues were collected and washed with PBS and homogenized in PBS. Analysis of sivelestat in samples were performed as described in the Additional file 1.
Behavioral assessment Footprint analysis
Gait behavior and motor coordination were evaluated on 1, 7, 14, 21 and 28 days following injury, and after sivelestat treatment using the manual method as described previously with some modifications [80] . Right fore and hind paws, left fore and hind limb was painted with dyes of different colors and animals were placed over an absorbent paper surrounded by cage border. The animals were encouraged to walk in a straight line by putting a clue at the finish line. The footprint pattern was then digitalized and representative pictures were shown to assess coordination.
Hindlimb locomotor score
Hindlimb motor function was evaluated using the open-field Basso, Beattie, and Bresnahan (BBB) [10] locomotor test on 1, 7, 14, 21 and 28 days following injury, and after sivelestat treatment. The animals hindlimb locomotor score were evaluated by two experienced investigators who were blinded to treatment group.
Test for nociception
Nociception was checked using Von Frey filaments (Bioseb) as per the reported method [17] . Animals were acclimatized in rat chambers (Ugo Basile), and filaments probing were done when the animals were calm and not moving. The simplified up-down method (started with 2 g) was used to determine the mechanosensitivity/paw withdrawal threshold (PWT) with Von Frey filaments on 1, 7, 14, 21 and 28 days following injury, and after sivelestat treatment. A positive response includes flinching, licking, vocalization, or overt behavioral cue corresponding to discomfort. A total of five stimuli per test were recorded and average of three readings (lowest and highest removed) was used to determine the average PWT in Sham and after injury or treatment with sivelestat.
qRT-PCR
Quantitative real-time PCR was carried out using an SYBR Green Master Mix and the mRNA detection was analyzed using an ABI StepOne Real-time PCR System (Applied Biosystems, Foster City, CA, USA). Primer sequences for the genes of interest and the reference gene 18S or GAPDH were as given in Additional file 2: Table S1 : Typical profile times were the initial step, 95°C for 10 min followed by a second phase at 95°C for 15 s and 60°C for 30 s for 40 cycles with a melting curve analysis. The target mRNA level was normalized with the level of the 18S or GAPDH and compared with the control. Data were analyzed using the ΔΔCT method.
Western blot analysis
Spinal cord tissues were collected and washed with PBS, placed at 4 ∘ C, and homogenized using T 25 digital homogenizer (IKA, Seoul, Korea) in lysis buffer (1× RIPA lysis buffer) and then finally passed through a 31 1/2 gauge syringe needle and centrifuged at 14,000 rpm at 4 ∘ C for 15 min. Protein concentration was determined in supernatants using Bio-Rad DC Protein Assay (Hercules, CA, USA). Equal amounts (40 μg) of protein were separated electrophoretically by 10% SDS-PAGE electrophoresis, and the resolved proteins were transferred to PVDF membranes (Millipore, Bedford, MA, USA). The membranes were incubated for 1 h with 5% non-fat skim milk prepared in TBS buffer to block nonspecific binding. The membranes were then incubated overnight with primary antibodies to ANGPT-1 (1:10000, Abcam, Cambridge, UK), ANGPT-2 (1:1000, Abcam), NE (1;1000), ZO-1 (1:500, Invitrogen, California, USA), AKT (1:1000, Cell Signaling Technology, Danvers, MA, USA), pAKT (1:1000, Cell Signaling Technology,) LC3B (1:1000, Cell Signaling Technology,), and Actin (1:10000, ABM). After 1-h incubation with corresponding secondary antibodies, The blots were visualized with a PowerOpti-ECL (Animal Genetics Inc., Gainesville, FL, USA) detection system, according to the recommended procedure. Immunoreactivity was detected using the BIORAD ChemiDoc™ XRS.
Immunohistochemistry and immunofluorescence
At 1, 7, 14 and 28 days after compression of the spinal cord at T10, animals were anesthetized with mixture of Zoletil® (50 mg/kg, Virbac Laboratories, France) / Rompun® (10 mg/kg, Bayer, Korea) solution administered intraperitoneally and perfused with 0.9% saline followed by 4% paraformaldehyde for tissue fixation. The spinal cord at the compression site was removed, and immersed in 4% paraformaldehyde for 1 day, and then embedded in paraffin, sectioned at 5 or 10 μm, dewaxed, and stained with antibodies against ANGPT-1 (1:500 .Following washing after secondary antibody incubation DAPI (1:500) was incubated for 10 min. Sections were mounted and examined using a fluorescence microscope (Zeiss, Oberkochen, Germany or Leica, Germany).
Statistical analysis
All data were analyzed using Graph Pad Prism ver. 5.01 (Graph Pad, Inc., La Jolla, CA, USA). All data are expressed as mean ± SEM. One-way ANOVA was performed and Dunnett's posthoc test was used to analyze the in-vitro data. The in-vivo PCR data was analyzed using One-way ANOVA followed by Tukey's test. The BBB scores were analyzed statistically with Kruskal-Wallis test at each time point. The nociception data were analyzed using Two-way ANOVA followed by Bonferroni test. P-values < 0.05 were considered statistically significant.
Results
NE suppresses capillary-like tubule formation and ANGPT expression in ECs, whereas proinflammatory factors differentially modulate ANGPT expression
We used various strategies to elucidate the effects of NE and inflammation on ANGPT expression in ECs. First, we determined the effects of recombinant human NE protein (100, 250, 500, and 1000 ng/ml) on human umbilical vein ECs (HUVECs); HUVECs treated with medium only served as the control. The results of a tubule formation assay showed a dose-dependent decrease in the tubule-covered area, total tube length, and total numbers of tubes, with significant effects observed at NE concentrations of 500 ng/ml and 1000 ng/ml ( Fig. 1a-d ).The expression of ANGPT-1 and ANGPT-2in HUVECs treated with NE for 24 h was determined by RT-PCR and immunocytochemistry. The expression of ANGPT-1 was dose-dependently decreased following the addition of NE ( Fig. 1e and f) , and ANGPT-2 expression decreased at higher doses (500 ng/ml and 1000 ng/ml) ( Fig. 1g and h) . Additionally, the effect of inflammation on ANGPT expression was assessed by treating HUVECs with lipopolysaccharide ([LPS] 2 μg/ml) and tumor necrosis factor alpha ([TNF-α] 100 ng/ml). ANGPT-1 expression increased at 0.5 and 3 h and decreased at 6, 9, and 12 h after the addition of LPS to the medium (Fig. 1i) , whereas expression was significantly decreased by TNF-α at 3-12 h (Fig. 1j) . By contrast, ANGPT-2 expression increased at 3, 6, and 9 h after the addition of LPS (Fig. 1k ) and increased at 3 and 9 h after TNF-α was added (Fig. 1l) . These results suggest that NE and inflammation differentially modulate the expression of ANGPTs in ECs.
SCI disrupts vascular endothelial integrity and alters NE and ANGPT expression
We characterized the time course of NE, ANGPT-1, and ANGPT-2 mRNA and protein expression at the epicenter of the damaged spinal cords in rats at 3 h and 1, 3, 5, 7, 14, 21, and 28 days after moderate compression injury (35 g for 5 min) (Fig. 2a) .There was a significant increase in NE expression from 3 h to 5 days after SCI, with maximum expression observed at 1 day after SCI (Fig. 2b and ei) . A dichotomy was observed between ANGPT-1 and ANGPT-2 expression patterns. The expression of ANGPT-1 was initially drastically reduced (the maximum decrease was observed 1 day after SCI when NE expression was maximal) and then increased at 7 days after SCI and remained elevated ( Fig. 2c and eii) , whereas the expression of ANGPT-2 Fig. 1 Neutrophil elastase (NE) impedes tubule formation and decreases angiopoietin (ANGPT) expression, whereas inflammatory factors differentially modulate ANGPT expression, in human umbilical vein endothelial cells (HUVECs). A tubule formation assay was performed as described in the Methods section. Recombinant human NE was added at concentrations of 100, 250, 500, and 1000 ng/ml (HUVECs exposed only to medium served as the control) to determine tubule formation (a), the percentage of covered area (b), total tube length (c), and total numbers of tubes (d). e and g Total RNA was prepared from HUVECs exposed to various concentrations of NE for 24 h to determine the expression of ANGPT1 and ANGPT2. f and h ANGPT-1 and ANGPT-2 immunocytochemistry was performed on fixed HUVECs as described in the Methods sections. i-l ANGPT1 and ANGPT2 mRNA expression was determined by real-time quantitative reverse transcription-polymerase chain reaction in HUVECs collected 0.5, 1, 3, 6, 9, and 12 h after treatment with lipopolysaccharide ([LPS] 2 μg/ml) and tumor necrosis factor alpha ([TNF-α] 100 ng/ml). 18S was used as the internal control. Data represent means ± SEMs (n = 2-3/group performed in triplicate). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control continuously increased through 5 days after SCI and unexpectedly decreased at 7 days, when the ANGPT-1 expression was increased, and consequently returned to normal ( Fig. 2d and eiii) . As ANGPTs are expressed primarily by ECs, we determined the integrity of the vascular endothelium using immunohistochemistry (IHC) with rat EC antigen ([RECA-1] Fig. 2eii ), which revealed progressive damage after SCI. RECA-1-stained vessels were readily identified within the injured spinal cord.
Sivelestat increases ANGPT-1 and decreases ANGPT-2 and NE expression after SCI
The data above indicated that peak expression of NE occurred 1 day after SCI, accompanied by increased ANGPT-2 and decreased ANGPT-1 expression. Therefore, we determined the effect of inhibiting NE on ANGPT expression at DPI-1. One group of animals was treated with sivelestat (30 mg/kg, i.p., b.i.d.), a specific inhibitor of NE, and the concentrations in plasma, brain, and spinal cord were monitored over 14 days (Fig. 3a) . Samples from sham, injured untreated, and injured sivelestat-treated (two doses) animals were prepared on DPI-1. Interestingly, sivelestat treatment prevented the SCI-induced decrease in ANGPT-1 expression (Fig. 3b-d ) and attenuated the SCI-induced increase in ANGPT-2 at DPI-1 ( Fig. 3e and f ) . Treatment with sivelestat also significantly reduced NE expression at DPI-1 ( Fig. 3e and g ). Additionally, the phosphorylation of AKT (p-AKT) was reduced in the spinal cord following SCI, which was prevented by treatment with sivelestat (Fig. 3c) .
NE inhibition attenuates the expression of inflammatory cytokines and chemokines after SCI
We and others have shown that the peak expression of inflammatory markers (cytokines and chemokines) occurs in the acute phase of SCI [48] . Therefore, we determined the effect of NE inhibition on inflammatory parameters using spinal cord samples from sham, injured untreated (Injury), and injured sivelestat-treated (two doses) animals prepared on DPI-1. Sivelestat treatment significantly attenuated the SCI-induced expression of TNF-α (Fig. 4a and c) and interleukin (IL)-6 ( Fig. 4b and d) .Similarly, the induction of the inflammatory mediators inducible nitric oxide synthase (iNOS) and IL-1β was also significantly decreased with sivelestat ( Fig. 4e and f, respectively) . Interestingly, sivelestat reversed the suppression of the anti-inflammatory cytokine IL-10 ( Fig. 4g) and significantly reduced the SCI induction of C-C motif chemokine ligand (CCL)-2 and CCL-3 ( Fig. 4h and i, respectively) and TGF-β (Fig. 4j) .
NE inhibition attenuates TJ disruption and blood-spinal cord permeability after SCI
The disruption of the BSCB and subsequent blood infiltration after SCI initiates a secondary injury cascade via the production of inflammatory mediators, such as IL-6, TNF-α, and iNOS. To establish the role of NE in BSCB disruption, we examined samples from sham, injured untreated, and injured sivelestat-treated (two doses) animals prepared DPI-1. NE inhibition via sivelestat administration significantly inhibited the loss of the tight junction (TJ) proteins occludin and zonula occludens-1 (ZO-1) after injury ( Fig. 5a-d) . SCI induced haemorrhage which was reduced by sivelestat treatment, and expression of cleaved PARP and LC3B was also decreased following treatment (Fig. 5b) .
NE inhibition attenuates secondary damage and prevents glial scar formation after SCI Fibrotic scar tissue is rich in microglia, astroglia, and laminin, and fibronectin forms at the lesion site after SCI in rodents and humans [77] . Several axon-inhibitory molecules present at this scar tissue facade hinder axon regeneration. To evaluate the role of NE in secondary damage and glial scar formation, we examined samples from sham, injured untreated, and injured sivelestat-treated (for 14 days) animals prepared 28 days after SCI (DPI-28). We observed decreases in secondary damage and glial scar formation in animals treated with sivelestat, which were associated with substantial inhibitory effects observed via IHC for microglia (Iba-1), astroglia (GFAP), and fibronectin (Fig. 6a) at the injury site. The decreases in astroglial and microglial activation, as well as macrophage activation, were confirmed at the transcriptional level via quantitative reverse transcription-PCR analysis (Fig. 6bi-iii) . IHC for laminin showed a J-or T-shaped morphology under normal conditions, whereas fibrotic scars rich in laminin formed at the epicenter after SCI (Fig. 6c) . Treatment with sivelestat attenuated the laminin expression at DPI-28 as well as SCI-induced transforming growth factor beta (TGF-β) expression (Fig. 6d) . IHC for the neuronal marker TuJ1 and the axonal marker neurofilament (NF) revealed significant regeneration in the lesions of sivelestat-treated rats (Fig. 6e) .
NE inhibition stabilizes vascular endothelium formation after SCI
SCI substantially disrupts the vasculature, especially at the epicenter of the injury, where blood vessels undergo remodeling and structural changes before they become functional. Therefore, we delineated the changes associated with vascular-related proteins and factors after SCI in untreated and sivelestat-treated animals. SCI-induced increases in TGF-β, platelet-derived growth factor beta (PDGF-β), neuropilin1, and platelet-endothelial cell adhesion molecule (PECAM), indicative of vascular changes/damage and vascular remodeling. In contrast to those of untreated (vehicle-injected) animals, the spinal cords of sivelestat-treated animals at 7 and 14 days after SCI exhibited an attenuation of these increases in vascular-related factors and a stabilization of the vasculature ( Fig. 7a and b) . IHC of spinal cord microvessels also revealed a change in the expression of neural/glial (See figure on previous page.) Fig. 3 Neutrophil elastase (NE) inhibition via sivelestat prevented the spinal cord injury (SCI)-induced modulation of angiopoietins (ANGPTs) and inhibited the expression of NE. a Molecular structure of sivelestat (i) and concentrations determined in plasma (ii), brain (iii), and spinal cord (iv) at several time points as described in the Methods section (n = 2/timepoint). Samples from sham, injured untreated, and injured sivelestat-treated animals were prepared DPI-1 as described in the Methods section. Representative images of immunohistochemistry for ANGPT-1 and rat endothelial cell antigen (RECA-1) (b) and ANGPT-2 and NE (e) at 1 day after SCI [3 fields/slide, n = 2-3/group (sham = 2, injury = 3 and sivelestat = 3)]. c Western blots of ANGPT-1, p-AKT, and AKT expression at 1 day after injury. Actin was used as internal controls for western blot [n = 2-3/group (sham = 2, injury = 3 and sivelestat = 3)]. Total RNA and spinal extracts from sham or injured untreated (Injury) or after sivelestat treatment were prepared 1 day after the injury. RT-PCR results of Ang-1 (d), Ang-2 (f) and N.E (g) expression 1 day after injury [n = 2-3/group (sham = 2, injury = 3 and sivelestat = 3) performed in triplicates]. GAPDH was used as internal controls for real-time quantitative reverse transcription-polymerase chain reaction. Data represent means ± S.E.M. ### p < 0.001 vs. sham group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Injury group antigen2 (NG-2), alpha-smooth muscle actin (α-SMA) (Fig. 7c) , and von Willebrand factor (vWF) (Fig. 7d) . Treatment with sivelestat increases the expression of NG-2, α-SMA and vWF.
NE inhibition improves functional recovery, attenuates nociception, and provides neuroprotection after SCI
We performed behavioral tests at 1, 7, 14, 21, and 28 days following SCI on untreated animals and animals treated for 14 days with sivelestat. Specifically, walking patterns (gait) were evaluated via manual analyses of footprints. After SCI, all animals showed distinct reductions in motor coordination in forepaw-hindpaw stepping. Those treated with sivelestat showed a marked recovery of gait and improved motor coordination in comparison with untreated animals (Fig. 8a) . The performance of sham rats remained unchanged throughout the testing period. Functional recovery was also assessed in open-field testing using the 21-point Basso, Beattie, and Bresnahan (BBB) locomotor test [10] . Animals developed paraplegia after SCI, corresponding to a low BBB score, but showed evidence of modest improvements of motor function as early as 3-4 days after injury (Fig. 8b) . Recovery then continued reasonably faster for another 1-2 weeks and then subsequently proceeded at a slower rate. The recovery in motor function was significantly faster in animals treated with sivelestat than in untreated animals. Interestingly, BBB scores were significantly higher in the sivelestat group even after the treatment had stopped (i.e., after 14 days). As nociception is one of the most common devastating conditions after SCI, we evaluated the effect of sivelestat on SCI-induced pain using vonFrey filaments. After SCI, animals exhibited tactile hypersensitivity (decrease in withdrawal threshold) on days 7, 14, 21, and 28, but not at day 1 (Fig. 8c) . Treatment with sivelestat significantly attenuated the SCI-induced hypersensitivity. Finally, the expression of neurotrophic factors, which are mediators of neuronal and axonal plasticity and regeneration after SCI, was examined by IHC. The expression of brain-derived neurotrophic factor (BDNF), ANGPT-1, neurotrophin3 (NT-3), and neurotrophin4 (NT-4) declined, whereas the expression of GFAP increased, after SCI (Fig. 8d, g and f) . Consistent with the other findings in this study, sivelestat treatment prevented the decrease in BDNF, ANGPT-1, NT-3, and NT-4 and attenuated the increase in GFAP expression.
Discussion
In the present study, we demonstrate that NE is a key determinant of vascular endothelium disruption/destabilization and affects ANGPT expression in vitro (ECs) and in a rat model of SCI. First, the effects of various concentrations of recombinant NE were assessed on the most-characterized type of ECs, HUVECs. ECs form capillary-like structures in response to angiogenic factors present in the growth medium; however, the addition of NE recombinant protein dose-dependently prevented the formation of capillary-like tubules, reducing the total length and numbers of tubes. These findings suggest that NE influences a required step in the process of angiogenesis. NE also suppressed the expression of ANGPT-1 and ANGPT-2 in ECs. The reduced expression of these factors may explain the decreased tubule formation in ECs. We also found that factors known to induce inflammation (i.e., LPS and TNF-α), which impact SCI and ANGPT in ECs [26, 48, 49] , decreased the expression of ANGPT-1 and increased that of ANGPT-2, suggesting that NE and inflammation differentially modulate the expression of ANGPTs in ECs.
The expression patterns of NE and ANGPTs and the roles of NE inhibition in neuroinflammation, BSCB disruption, vascular damage, functional recovery, and neuroprotection after SCI were also examined. The compression injury used in this study results in damage to both the dorsal and ventral spinal cord, transient ischemia, and impaired blood flow, which act synergistically to promote secondary pathology as typically observed in SCI in humans. Neutrophil infiltration is linked to progressive damage to the BSCB after SCI, and the prevention of this promotes functional recovery [52, 64] . In the present study, the expression of NE increased significantly from 3 h to 5 days, with maximal expression observed at DPI-1. We also observed damage to the vascular endothelium at this time point via IHC for RECA-1. Since the release of NE from Fig. 6 Neutrophil elastase inhibition attenuates inhibitory glial/fibrotic scarring and secondary damage after spinal cord injury (SCI). Samples from sham or injured untreated (Injury) or after sivelestat treatment were prepared at DPI-28 as described in the Methods section. Sivelestat (30 mg/kg, i.p.) was given for 14 days (28 doses) and animals were sacrificed at day 28. Zeiss confocal microscope was used to evaluate the Immunofluorescence after IHC. The merge function of Zeiss microscope was used and 16 areas were evaluated. a Representative merges images (longitudinal) for Iba-1 (green), GFAP (red), fibronectin (yellow) at DPI-28. RT-PCR results of GFAP (b-i), Iba-1 (b-ii), and Mac-1 (b-iii), expression at DPI-28 (n = 3/group). Representative images of laminin (green), rat endothelial cell antigen (RECA-1; yellow) (c), TGF-β1 (green) (d) and neurofilaments (N.F) and Tuj-1 (e), at DPI-28 (3 fields/ slide, n = 3/group). GAPDH was used as internal controls for real-time quantitative reverse transcription-polymerase chain reaction. Data represent means ± S.E.M. ### p < 0.001 vs. sham group. **p < 0.01, ***p < 0.001 vs. Injury group neutrophils can damage ECs, we surmised that NE can also affect the proteins released from ECs. Interestingly, ANGPT-1 expression was downregulated when the expression of NE was maximal and corresponded to the initial progressive damage to the endothelium. From day 7 on, ANGPT-1 expression increased, which may be due to expression in a subset of glial and neuronal cells [13] . ANGPT-2 sensitizes ECs to inflammation, enhancing vascular responsiveness to proinflammatory cytokines [26] . ANGPT-1 and ANGPT-2 have similar affinities for the same receptor but produce opposing effects on blood vessels. SCI induces a lasting decrease in ANGPT-1 levels [14, 35, 58, 74] but a persistent upregulation of ANGPT-2 [22] . Indeed, we observed an increase in ANGPT-2 expression that may counterbalance the ANGPT-1 decrease after SCI. These findings suggest that SCI-induced NE expression can cause endothelium damage and modulate the activity of ANGPT-1 activity after SCI.
To examine this, we used sivelestat, a specific inhibitor of NE. The pharmacokinetic results in the present study show that the concentration of sivelestat in blood peaks at around 30 min, with no accumulation, observed even after 28 doses, indicating that the drug is cleared from the body. Sivelestat treatment significantly attenuated the SCI-induced NE and ANGPT-2 expression, reduction in ANGPT-1, and endothelial damage. These results suggest that specific inhibition of NE prevents the modulation of ANGPT, restores SCI-induced endothelial damage, and prevents vascular disruptions.
SCI is accompanied by a series of intense immune responses, including inflammation, the synthesis of chemokines and cytokines, and the infiltration of peripheral leukocytes to the site of damage. Sivelestat was shown to prevent neutrophil infiltration in a rat model of SCI [88] . In addition to their production of NE [6, 48] , infiltrating neutrophils contribute to inflammation via their production of IL-6 and TNF-α [42] . Systemic inflammation promotes vascular endothelial injury and results in organ dysfunction [60, 91] . Inflammatory cells and ECs express ANGPTs [4, 25, 53] , suggesting that ANGPT signaling plays a central role in commencing and continuing the inflammatory response. Of note, ANGPT-1 and ANGPT-2 show dichotomous pro-and anti-inflammatory properties, with ANGPT-1 primarily considered anti-inflammatory and ANGPT-2 proinflammatory, which are influenced by other inflammatory mediators and proteolytic enzymes, such as NE [2, 9, 33, 44] . NE can regulate acute as well as chronic inflammation [21] . The data presented here demonstrate that SCI induces the expression of cytokines (TNF-α, IL-6, iNOS, and IL-1β) and chemokines (CCL-2 and CCL-3); the expression of the anti-inflammatory cytokine IL-10 decreased. The inhibition of NE with sivelestat treatment decreased these proinflammatory factors, including the expression of TNF-α, suggesting the beneficial role of NE inhibition on the ANGPT pathway after SCI. A previous report suggested that ANGPT-1 inhibits TNF-α-stimulated leukocyte transmigration [28] , and ANGPT-2 sensitizes ECs to TNF-α and plays a crucial role in the induction of inflammation [26] . IL-6 is a proinflammatory cytokine that sharply increases in the acute phase after SCI and not only downregulates ANGPT-1 signaling [45] but also stimulates defective angiogenesis [29] . In the present study, treatment with sivelestat attenuated the SCI-induced IL-6 expression as well as that of iNOS, which is implicated in immune responses, inflammation, and apoptosis following SCI [79] . ANGPTs regulate vascular reactivity after hemorrhagic shock in rats through the Tie-2-nitric oxide pathway [95] . ANGPT-1 neutralizes the activity of proinflammatory factors on ECs, suppressing EC permeability induced by vascular endothelial growth factor, thrombin, bradykinin, and histamine [70, 72] . In addition, we observed that sivelestat augmented anti-inflammatory IL-10 while attenuating SCI-induced proinflammatory IL-1β, CCL-2, and CCL-3. Altogether, the evidence from this study supports the notion that acute sivelestat inhibition prevents the decrease in ANGPT-1 and acts as an anti-inflammatory in an experimental model of SCI.
NE is downstream in the humoral mediator network and is essential in vascular endothelial injury and increased permeability [78] . By contrast, ANGPT-1 suppresses vascular leakage/inflammation and expedites angiogenesis [51] . Previous studies showed that ANGPT-1 lowers vascular leakage by strengthening related endothelial molecules and regulating interendothelial adhesion. However, NE can protect the blood-brain barrier by increasing ANGPT-1 expression and EC survival in an animal model of focal ischemia [37] . BSCB disruption following SCI enables leukocytes, including neutrophils, to infiltrate the injured parenchyma, contributing to secondary injury [1, 32, 99] . As TJs provide a "barrier" or "fence" to regulate permeability and endothelial dysfunction [12] , we speculated that NE is involved in the degradation of TJ proteins after SCI. We previously showed that the expression of the TJ proteins occludin and ZO-1 is decreased after moderate compression injury [48] , suggesting a disruption of the BSCB. The decline in ANGPT-1 and increase in ANGPT-2 correspond with marked blood-brain barrier breakdown after brain injury [68] . Similarly, ANGPT-1 treatment was shown to attenuate BSCB permeability in an animal model of SCI [30, 35] . In the present study, the expression of the TJ proteins occludin and ZO-1 was reduced after SCI, suggesting BSCB disruption, which was prevented by treatment with sivelestat. Thus, specific inhibition of NE effectively prevented ANGPT-1 disruption and increased TJ protein expression after SCI.
After SCI, fibrotic scar tissue at the lesion site becomes rich in microglia, astroglia, and laminin and fibronectin forms in rodents and humans [77] , which impedes axonal regeneration [50, 82] . NE damages fibronectins, laminins, and other matrix proteins, resulting in increased vascular permeability and haemorrhaging in tissues [36, 40] . Damaged ECs and the basal lamina deposited at the epicenter of the lesion diminish angiogenesis and are concurrent with cystic cavity formation. Sivelestat treatment reduced glial scar formation and secondary damage, facilitating neuronal regeneration at DPI-28. This was associated with a strong reduction in the amounts of microglia and astroglia at the injury site, as observed by IHC. However, SCI also induces inflammation, which contributes to fibrosis scarring in part via TGF-β signaling. Indeed, we observed a significant increase in TGF-β expression after SCI, which was attenuated in animals treated with sivelestat in accordance with the reduction in scar tissue formation.
Blood vessel density correlates with improved functional outcomes; hence sparing or regenerating the vasculature postinjury is desirable [43] . Although blood vessels tend to grow rapidly into the lesion site after SCI, there is substantial regression around 14 days postinjury [18, 56] . After nerve injury, PDGF-β expression increases [71] , which leads to increased EC proliferation [11] . In the present study, sivelestat attenuated the increase in PDGF-β expression at the transcriptional level, as well as that for neuropilin1, whose expression in the spinal cord is normally low but is also upregulated after hemisection and dorsal column crush where it acts as an inhibitory molecule in regulating the organization of the sensory network [3] . Similarly, sivelestat attenuated the SCI-induced increase in PECAM-1, which acts as a mechanosensor in ECs [65] and whose localization to cell junctions is regulated by ANGPT-1 to maintain cellular integrity [28] . Another study found a significant loss of PECAM-1-positive cells at early time points (until day 3) after SCI, with a significant increase from 7 days onwards [94] . SCI also causes a robust decrease in vWF [59] , which was observed in the present study. However, RECA-1 stained vessels could be readily identified within the injured spinal cord, suggesting that, although ECs are present, there is altered angiogenesis, which is prevented with NE inhibition.
As SCI can cause paralysis, altered motor coordination, and even neuropathic pain, we assessed these via behavioral tests in the animal model. A footprint analysis revealed reduced motor coordination in forepawhindpaw stepping after SCI. The functional impairment is likely influenced by the decrease in ANGPT-1 and related vascular dysfunction [15, 49, 73, 93] , as exogenous administration of ANGPT-1 has shown favorable effects on both functional and vascular recovery [30, 35] . Accordingly, animals treated with sivelestat showed an increased ANGPT-1, marked recovery of gait and improved motor coordination compared with that of untreated injured animals. This functional recovery was also reflected by the increase in the BBB score in sivelestat-treated animals. The functional improvements were also accompanied by a reduction in SCI-induced hypersensitivity, an indicator of neuropathy, as assessed by hindpaw responses to stimulation with von Frey filaments. Thus functional recovery is a reflection of the increase in the regenerated area of the lesion. Previous reports suggest that enhanced axon regeneration correlates with functional recovery after SCI [19, 24] . Interestingly, intravenous injection of ANGPT-1 and αvβ3 integrin peptide results in almost complete recovery after SCI [30] . In the current study, the regeneration may have been facilitated by the increase in ANGPT-1, which promotes neurite outgrowth [47] and supports the differentiation of neural progenitor cells via the AKT pathway [8] , as evidenced in the present study by the increase in AKT phosphorylation in sivelestat-treated animals. Furthermore, sivelestat treatment also maintained the levels of several neurotrophins (BDNF, NT-3, and NT-4) that are linked with EC survival [20] and are dramatically reduced in the adult spinal cord [16, 57] . In the current study, we treated sivelestat 1 h after injury. However additional studies are required to see whether sivelestat also work if treatment is delayed till 3~4 h after injury simulating the clinical settings. Secondly, owing to the short half-life of the sivelestat we treated it twice a day; it would be interesting to observe the effect of sivelestat as continuous infusion with a lower dose or increase the half-life or directly delivering the sivelestat into the spinal cord by several available approaches.
Conclusions
In conclusion, our results indicate that NE expression is increased after SCI, resulting in a dissociation of ECs from microvessels, reduced ANGPT-1 expression, decreased angiogenesis, tissue damage, vascular destabilization, BSCB breakdown, and cell injury. The inhibition of NE via treatment with sivelestat significantly attenuated SCI-induced inflammation, prevented the decrease in ANGPT-1 expression, and attenuated the increase in ANGPT-2, BSCB breakdown, and cell injury. As a result, secondary damage, functional impairment, and neuropathic pain were reduced while vascular stabilization was promoted. Thus, NE inhibition could serve as a promising therapeutic strategy after SCI. 
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